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Summary.

‘This report describes a video coder operating at 36 kb/s or 64 kb/s.
The coder was designed for possible use in the proposed National Command
Authority Teleconferencing System (NCATS) (1]. The system provides mul-
tisite, multimedia conferencing. It assumes one participant per site. Under
certain conditions, availability of communications bandwidth can be drasti-
cally lowered, This report presents the coding algorithm for operation at 56 —
64 Xb/s transmission bit rates. In this case, a capacity of 30 kb/s is allocated
for the video information, while the remaining 6 — 14 kb/s is reserved for

framing, error control, and other overhead. =

The NTSC color video signal is sampled at 14.3 MHz (four times the color
subcarrier frequency) and uniformly quantized to 8 bits per sample resulting
in a ‘ransmission rate of 114 Mb/s. For video conferencing applications, on
the other hand, the bit rate can be significantly reduced. To attain the 50
kb/s bit rate, the bandwidth compression ratio of the order of 2000:1 is
required. The reduction in the bit rate is achieved by removing the redundant
information from the original signal, and exploiting the video conferencing

eavironment.

The redundancy present in the signal falls into two main categories:
statistical and perceptual. Statistical redundancy manifests itseif as a high
degree of correlation bevrween adjacent picture elements (peis) and can be
removed by appropriate processing techniques. The processes involved are

reversible, that is, the inverse operation can be performed to recomstruct

.the original signal without distartions. Perceptual redundancy, on the other -

hand, once removed, cannot be recovered. However, the distortion introduced

by removing this type of redundancy varies from imperceptible to tolerable
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oy the human visual perceptual system.

The present work is a continuation of the previous work 2] on the multi-
bit-rate coder capable of dynamically changing the bit rate from 1.5 Mb/s
down to 64 Xb/s. The transmission at the required rates is realized using
interframe coding and several other bit rate reduction techniques which
exploit the statistical properties of signal, the properties of the human visual

system, and the video conference environment.

The video environment in the NCATS specifies a singie parzicipant per
conference site. Therefore, the full {rame need not be coded; instead, a
window of 256 peis per line and 100 lines per field (approximately one-
seventh of the screen size) is used. The size of this window is large enough
to accommodate a head-and-shoulders view of the participant with sufficient

resolution.

A key eiement ‘o achieving the required bit rate reduction while main-
taining acceptable picture quality is the utilization of motion estimation
and compensation techniques ‘3!, (4], [5]. In conventional interframe coders
(without motion compensation), a prediction of the curreat {rame picture ele-
ment (pel) is formed using corresponding previous {rame picture element(s).
The prediction error, i.e., the difference between the current pei value and
the predicted value, is quantized, processed and transmitted. Therefore, only
areas of the picture that have changed from one {rame to the next have o be
coded and transmitted. In. movement compensated coding, the displacement
of different objects in the picture, i.e., participant motion from one frame to
the next, is estimated. The prediction is formed in the direction of motion,
using the displaced frame element as prediction. The percentage of picture

area that is fully predictable (prediction error is below a preset threshold) is

" ihereased. In addition, the'predition efror in picture areas which are dot fally” <~ # 7"

predictable is significantly reduced. The Snal result is a significant reduction

in the bit rate.
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The multi-bit-rate coder gives very zood picture quality at the rates 258

Y

Kb /s and above. The quality at 84 Xb /s was aiso considered usable, although
some distor:ions were noticeable. The probiems manifested themselves as
jerkiness in the areas of large displacements, and aliasing. Both problems
are attributed to inadequate 3-D subsampling and interpoiation tecaniques’

used in that coder.

The preseat report comcentrates on two enhancements which dramati-
caily improve the coder performance at the 56 — 84 kb/s rate. The frst
enhancement is the modification of the spatial subsampling pattern which
reduces the aliasing in the -reconstructed signal. Placement of the spatial in.
terpolator both at the transmitter (within the feedback loop) and the receiver
is also found to improve the picture quality compared to the interpoiator at
the receiver aione. The second enhancement, perhaps the more significant
of the two, is the motion compensated temporal field interpolation. Here,
instead of conventional linear techniques which inherently result in a loss of
resoiuticn. the interpolation is performed by gradual shifting of the moving
objects in the direction of motion. The displacement is estimated using the

algorithms similar to those utilized in motion compensated coding.

The coder has been simulated on the VAX 11/780 computer and the
processed images displayed using BNR/INRS reai-time dispiay facilities. The
results obtained using the new interpolation techniques were found to be far
superior to those using previous algorithms. In particular, the resolution and

the motion rendition are greatly improved, and the artifacts are minimized.
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1. lntroqucion.

1.1. Probiem Siatement and Review: of the Previous Work.

This report describes a video coder operating at 56 kb/s or 84 kb/s.
The coder was designed for possible use in the proposed National Command
Authority Teleconferencing System (NCATS) 1. The system provides mul-
tisite. multimedia conferencing. [t assumes one participant per site. Under
certain situations. availability of communicaticns bandwidth can be drasti-
cally lowered. This report presents the coding algorithm {cr operation at 58 -
64 kb/s transmission bit rate. In this case, a capacity of 50 kb/s is allocated
for the video information, while the remaining 6 — 14 kb/s is reserved for

framing, error control, and other cverhead.

The NTSC coior video signal for broadecast TV, sampled at 14.3 MHz
(four times the color subcarrier frequency) and uniformly quantized to 8 bits
per sample results in a sransmission rate of 114 Mb/s. For video conferencing
applications, the bit rate can be significantly reduced. To attain the 50 kb/s
bit rate, a bandwidtd compression ratio of the order of 2000:1 is required. The
reduction in the bit rate is achieved by removing the redundant information

from the original signal, and exploiting the video conferencing environment.

The redundancy preseat in the signal fails into two main categories:
statistical and perceptual. Statistical redundancy manifests itself as a high

aegree of corr eiauon berween adjacent pxcuure exement.s (pels) and can be

RN

removed by a.ppropnate processing uechmques. The processes mvolved are,

in genersl, -reversibie. that is, the inverse operation can be performed to
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reconstrucs the original signal without distortions. Zxpioitation fo perceptual
redundancy resuits in lossy or irreversible coding. However, the distortion
introduced by removing this tvpe of redundancy varies {rom imperceptible

10 tolerabie by the human visual perceptual system.

The present work is a continuarion of the previous work 2/ on the
multi-bit-rate coder capabie of dynamically changing the bit rate from 1.5
Mb/s down to §4 Xb/s. Required rates are realized using interframe coding
and several other bit rate reduction techniques which expioit the statistical
properties of signal. the properties of the human visual system, 2nd the video

conference environment.

The video environment in the NCATS specifies a single participant per
conference site. Therefore, the full {rame need zot be coded; instead, a
window of 256 pels per line and 100 lines per feld (approximately one-seventh
of the screen size) is adeguate. The size of this window is large enough to
accommodate a head-and-shoulders view of the participant with sufficient

resolution.

A key element in achieving the required bit rate reduczon while main-
taining acceptable picture quality is the utilization of motion estimation
and compensation techniques 3|, 4], (3. In conventional interframe coders
(without motion compensation), a prediciion of the current rame picture ele-
ment (pel) is formed using corresponding previous {rame piciure element(s).
The prediction error, i.e., the difference between the current pel value and
the predicted value, is quantized, processed and transmitted. Therefore, only
areas of the picture that have changed from one frame to the next have to be

coded and transmitted. [n. movement compensated coding, the displacement

of qme'em oo;ec s in the plc.,ure, i.e., pa.mmpa.nt momon from one frame to

using the displaced {rame.element as prediction. The perceatage of-picture

area that is fully prediczacle (prediction error is below a preset threshoid)

=R =. "o op 3
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the next, is estxmated The predlcﬁon is formed m the du'ectlon “of motlon,'
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is increased. (¢ addition. tde prediciion error o picture arezs which are
aot fully predictable is significantly reduced. The inaf resuit is a significant
reduction in the bit rate.

The multi-bit-rate coder gives very good picture quality at the rates 258
Kb/s and above. The quality at 64 XL /s was also considered usable, although
some distortions were noticeable. The problems manijested themselves as
jerkiness in the areas of !arge displacemexns, and aliasing, which stems from

coarse spatial sampling.

.

The present report concentrates ok Two enntancements which dramati-
cally improve the coder perfcrmance at 58 - 64 kb/s rates. The first enhance-
ment i the modification of the spatial subsampling pattern which reduces the
2lasieg ‘n :he reconsiructed signal. The piace where the spatial interpolator
is inserted in the coding path was:also found to be important. The second
enfancement, persaps the more significant of the two, is the motion com-
pensated temporal Jeid interpolation. Here, instead of conventiopal linear
teciniques which inherently resuit in a loss of resoluticn. the interpoiaticn
is performed by gradual skifiing of the moving objecis in the directicn of
motion. The displacement is estimated using the algorithms similar to those
utilized in motion compensated coding. As a result, the resolution and the

motion rendition are greatly improved, and the artifacts are minimized.

|
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Generat System Descripuion.

,.
s

Block diagrams of the transmitter and the receiver are showm in Figures
1.1 and 1.2 respectively. The coder can operate in a aumber of different
modes. that is. the parameters in different blocks can change adaptively
depending on the activity in the image. The details of the muiti-mode opera-

tion have been described in 2!,

The composite color NTSC signal generated {rom the camera is sampled
at 4f,e (/.. = 3.38M Hz, the color subcarrier {requency) and digitized using §
bits per sample PCM. Only a center window about 1,/7-th the size of the

compiete image is tetained for further processing.

The composite digitized signal is fed intc a demodulator which separates
the input into three components: luminance Y, and chrominance / and Q.
The demoduiator dlock also multiplexes these components into the form

appropriate for the use in subsequent processes.

The input signal usually contains nocise caused by the use of inexpen-
sive cameras and/or by low lighting conditions. Noise in the video signal
will reduce the eficiency of the coder, and will unnecessarily increase the
generated bit rate. Therefcre, the use of noise reduction techniques is highly
desirable. [n Figure 1.1, the noise reduction unit immediately {ollows the

demodulator.

The mnc“on of the aext block is to sun~sample uhe 51gzxal spatially a.ncx
LT ¥ WY A MR o

temporally. so that the s.an_mzssmn bit rate cons.tramt can be met. ‘he

4 °r -

issues involved here are those of aliasing and loss of spatial and temporal

R,
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resolution. To avoid spatial aliasing, the video signal is bandlimited w0 about
9MEz. apd sampied at 1/, using the line quincunx pattern. Further, the
image sequences are subsampied temporally at a ratio varying between 4:1 to
16:1 depending on the mode of operation. The inverse operation, the motion
compensated Seid interpolation implemented at the receiver, is the major

deveiopment described in this report.

Following the sub-sampling stage is the movement compensated coder,
the heart of the system. The unit estimates the dispiacement of different
areas of the image. uses it to predict the intensities of pels in the upcoming

field, and outputs the prediction errors.

Further reduction in the bit rate is derived {rom the fact that the predic-
tion ercor distribution is non-uniform. Large regioms, either stationary or
sransiationally moving, may be compietely predictable, i.e., produce a predic-
tion error less than a preset threshold. Block coding takes advantage of this
by allocating one bit per Sxed-size dblock to indicate wnether or not the block
is predictable. If it is, no additional information is required. If not, variable-
length encoding is used, wherebv codewords of shorter length are assigned to
more {requently encountered prediction error vaiues. As a resuit, the average
output bit rate is reduced. An unavoidabie side-edec: of :he variable word-
length encoding, Jowever, is that its output bit rate Auciuates depending on
the properties of the image being encoded. This problem is overcome using

3 frst-in-first~out buffer.

The output buffer serves a dual purpose. First, it converts a variable rate
data input stream into a comstant rate output. Secondly, it incorporates the
controller {or the multi-mode coder. It is this controller that switches the

modes of operation so as to maintain the output transmission rate at the

gon e T . Ll .- I e e Bl vl A o AN s o
] ey e Y TR o, e o0 < brie Jow RREE S I BT AC VL SRRt A TS B I R e M A
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The last stage of the transmitter is the channei coder which protects the
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digital sigzal against the channe! errors. Finally, framing and synchroniza-

tion bits are added to complete the formatting process.

The receiver performs the inverse of the processes implemented by the

transmitier o reccnstruct the video signal as shown in Figure 1.2.

Many functional blocks of the above system have been deveioped and
described previously |2}, and are therefore only briefly reviewed. However,
the new features of the coder, such as the spatial sampling pattern and

movement compensated feld interpolation, will be described here in detail.

1.3. Report Qutline.

The report is structured as follows. Chapter 2 describes the operation
of the me*ion compensated Jeld interpoiation. Chapter 3 reviews the main
functional blocks of the motion compensated coder and concentrates more
specificall; on the spatial sampling and interpolation. Finally, Chapter 4

presents :2e conclusions and directions for future work.
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2. Temocrai Subsampling and Motion Comgpensated Fieid Interpoiation.

1

—
o

2.1. Probiem Statement.

—

]

-

In order to achieve high compression ratios, temporal feld subsampling

S )

must be used in addition to the spatial subsampling. In this case, the receiver

[ has to reconstruct missing fields.

"o~ A few approaches exist for reconstruction of missing fields. The most
;
b rudimentary one is that of field repeat. The procedure is analogous 1o sample-

and-hold used for one-dimensional signais. [n the case of video images, this

=

technique amounts to repeating the last transmitted feld until a new feld

becomes available. The drawbacks of this vechnique are rather obvious, as

=)

the high degree of jerkiness is produced in moving areas. The picture quality

is generally considered unacceptable even at small temporal subsampling

i

ratios.

¢!

—
o

The next logical techrique o consider is linear interpolation. One form

this process can take is illustrated in Figure 2.1. The interpolated field,

oy

say ¢, is derived from two given fields, i and ;, one on either side of field
k. Interpolation is performed by weighting the intensity values of the two

given images ¢ and ; by coefficients that are inverseiy proportional to the

e |

distance {rom these fields to field k. The new field & is obtained by adding
the two weighted images. [n order to avoid temporal aliasing, prefiltering is
required. For typical motion in conferencing environment, the use of linear
interpolation produces acceptable results for temporal subsampling ratios

below 4 :1. At 41, distortions begin to appear. The distortions take form of

)

-'-..::-';':_-;,. “aloarneoons . the Joss.of ;resolution within moving areas;-appearance of double or :,,“-ghoszf’,;;.r.-_' =
images, and jerkiness of fast moving objects.
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The :echnique that overcomes most of these problems is the motion

e e IEm o e

compensated Jeid interpolation. Here, the motion of different objects in the
victure is drst estimated, as in the case of motion compensated coding. Then
in the interpoiated Seid, the objecis will appear dispiaced proportionately
in the direction of motion. In the ideal case, that is, when the motion
is transiational, and the displacement estimates are correci, this method
gives zero distortion. except in the newly exposed regions. As in the linear
interpolation case above, the motion compensated method operates only on
two consecutively subsampled feids, henceforth referred to as curreat and
previous, without regard to the further past or future. The algorithm can be

divided intc two parts: i) motion estimation and ii) field interpolation.

The motion estimation aigorithm estabiishes a map from the peis in the
current deid onto the previous feld. This map, aiso called a displacement
fleld, consists of vectors originating at a pel in the current Seld. and pointing
1o the corresponding pel in the previous fieid. The intention is to trace the

motion of individual pels between the two fields.

The interpolation part of the algorithm amounts to picking the intensity
values of the peis on the ends of each displacement vecior, multiplying

each by a compiementary weighting coefficient, adding the weighted values,

and inserting the result at the intersection of the interpolated field and
the displacement vector. Weighting coefficients are similar %o ones used in

linear interpolation mentioned earlier. Pcssible problems that arise-in this

process and their solution will be treated later. The concept of movement
compensated interpolation is illustrated in Figure 2.2, and its implementation i

is shown in Figure 2.3.
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{
: (_l 2.2. Motion =stimation and. ~ieid [nterpciation.

We begin the description of the algorithm by defining more rigorously the

displacement veczor. In the previous section, we stated that a dispiacement

-~
 —

vector is one which connects two corresponding pels in consecutively sub-

=31

sampled Seids. In general terms, corresponding pels are pels whica coincide

with the same point of an object depicted in two Selds, one irmage possibly

=1

displaced from the other. In order to perform mathematical manipulations,
we will assume an image model where the corresponding pels have the closest

{“ match in intensity. The displacement will then be defined as follows.

l—' Let I(z.y,n) be the luminance intensity of a point iz the n-th §eld.having
horizontal and vertical coordinates : and y respectively. Also, let ¢ and b be
[ the maximum allowable horizontal and vertical displacements respectively of

pels between two fields under consideration.

Definition 1. Welsa.y that a pel (2,y,7) in the j-th Seld corresponds to a reference
pel (z,y,9) in the i-th feld if

tmeSr Crme
=<y Gy

ﬁ ![(S,V,i)_[(é,.y,J) =3 min |[(:1y1’)_[(:]|f11) i:
- i.e., the pel (z,y,7) matches the intensity of the reference pel more
l closely than any other pel in the neighboring (2 = 1) x (25 < 1)

rectangie. Then displacement D of (z,y,i) is defined as

| o~{]]
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It is Lmoorr.am. to realize that the a.bove deﬁmtxon relies on the a.ssumed

[' picture modei. For example, it is easy to construct an object, violating the

above model, and its displaced version such that the displacement determined
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using the above definition will significantly differ {rom :he actual displace-
ment. Sowever, in the appiications of interest, the images largely conform to

the seleczed model. We, therefore, adopt it for our algorithm.

In the following discussion, we will somewhat condense the notation and

make 2 aumber of new defdnitions. Let

Further, we denote the intensity error (also referred to as displaced field

difference) as
DFD(x,D) = I(x.{) = I(x - D, ;).

The minimization required in Definition 1 can be carried cut by finding the
local minimum of some positive error funciion such as | DFD |, DFD?, etc.,
in the vicinity of (x,7). This approach will generally not yield the giobal
minimum in the required region unless additional restrictions on the image
model are imposed. Although these restrictions cannot be guaranteed, the
problem is soived by exploiting the correlation between the displacements of
deighboring pels. The details of this will be given later. The local optimization
is implemented here using a recursive steepest descent aigerithm. For DFD?,
the recursion is

D, =D, ~(¢/2) - Vp {'DFD(X-Dn—l}P 1)
=D,y ~ ¢ DFD(x,Da-y) VpDFD(x,Daxy),

whereas for | DFD |,

Dn = Daey ~¢- Vp 'DFD(x,Dpcy) |

= Da—y ~¢-81gD[DFD(x,Dpmy)] - VpDFD(x, Dp-y), )
where .
1 fa>o0
sigha={ o fa=0,
-1 fa<o

and Vp.is the gradient with respect to displacement D. The gradient can be ;-

evaluated from the definition of DFD as

VDDFD(x.Dami) = VI(x = Dney, ). 3)
SR | T 3 s S
e B————_ —ommna .

i
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' The positive scalar constant ¢ is chosen empericaily so as to achieve fast

convergence, vet avoid oscillations.

Notice :nat Equation (2) is a simpiified version of Zquation (1). An

hghas

alternative simpiification yieids

D, = Dn-y = ¢: DFD(X,Dn-y) - SIgR{Vp DF D(%, D). (4)

i

- We found :hat Zquation (4) gives better subjective results than Equation (2)

i and sherefore ciose only it for {urther investigations.

[‘ Application of the steepest descent aigorithm tc the image motion es-
timation was frst proposed by Netravaii and Robbins 3] who also showed
tbat the algorithm converges. However, the speed of convergence is low, while
in real-time video processing we :an rareiy afford more than one iteration

r per pel. This results in errors and incoherency of the displacement estimates

- which subsequently produce rather objectionabie distoriions in the interpo-
lated fields.

l' To alleviate the problem, the compiete estimated displacement feld is
smoothed using a median filter. A median fiter acting on a pel picks the

ﬁ values of this and the surrounding peis, sort them in an ascending (or des-
cending) order, and replace the original pei by the median of the sorted ar-

f2

ray. We chose such smoothing procedure over linear low-pass fltering which

P,

may modify initiaily correct estimates and/or destroy sharp moving area
boundaries.

Finally, once the displacement Seld from field s to feld ; is available, the s

ol SRNCT RO AR ety . o UITS A0

interpolation of pels in the t-th ( < ¢ < i) Seld is ac:oinpl.ishe& by liﬁ.ea.rly

— wes

weighting and summing appropriately dispiaced peis in the i-th and ;-th

felds.
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2.2. Performance Svaluaticn

The moticn compensated interpolation aigoritam described here 2as peen

simulated implemented ueing 3NR/INRS Image processing facilities. The
rest sequences included head-and-shoulder views of a conference participant
uzdergoing various degrees of motion. The quality of the images also varied
irom broadcast high Gdeiity to the reduced quality produced by a 30 Kb/s
coder, The high quality luminance sequences were obtaired by sampling the
uemoduiated NTSC signal at 1/,. (subcarrier frequency) and quantizing each
sample to & bits. Only a window about 1/7 the size of a conveational TV
screen nas

been examined which combined with the above sampiing rate gave

258 X 106 peis per feid at 30 fieids per second. Such high-quality sequences were

3

used 0 isoiate the interpolaticn problems from those caused by coding. In the
coding eavironment, on the other band, the processed sequences presented o
:he Jeid interpoiator were sudsampled to 2/,. for the lurminance and 0.25/,.
for the chrominance. The resulting luminance Seid consisted of 128 X 108 pels,
In this contéxz, the intensity vaiues have also been rather coarsely guantized,
.2lthougk the aciual quantizer siep varied adaptively with image statistics.
All the tests were evaluated on a purely subjective basis. since no mearingful
quantitative measures were ‘ound 0 ‘describe the amocunt of artifacts and

perceptuai impairments present in the picture.

[n the cases of interest, the feld subsampling ratio ranges from 4:1 to 10:1,
though higher ratios are sometimes required in certain modes of the coder

operation. The algorithm parameters were optimized for the subsampling

+

ratios of 4:1 and 6:1, but also performed well, albeit suboptimally, for higher

ratios. These parameters were found o be the following.

. = - . . s R Ve O .' ) B \V.eptha. PR - (O P SO
. . -..' AR _..‘ R H,_.—._.‘ -\‘.( 3 . I ,,.'\ DALY Y LA 'l'I-h"-" LA C =G SRS

The maxmum horizontal .nd ver ncal dxsolacemants a a.nd b, as mDeﬁmtxon

o Lok,

e
~ .

1, are restricted to 18 peis and 5 lines for 258 x 108 images respectively,

and ¢ pels and 9 lines for 128 x 106 images respectiveiy.
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i) The motion setecticn threshold (the Lmis om the interizame difference
beyond whica 2 pel is ciassified as moving) gave Dest rssults whez set
10 5 units or 2 258 level (8 bits) scale. When the cuantizer step of the
processed pictures is increased adove 5. however, this ihrespoid is also
increased ¢ the size of one juantizer step.

lii) The convergence coefficient ¢ in the recursion (4) was selected among
power of 2 values to be 1/128. The coptimization was done for images
sampled at 47, and temporally subsampled at 4:1 and 5:1. Further spatial

and semperal subsampling may cail for an increase in this value.

The arnaiyvzed aigorithm generally produced very faverable results, When
it was applied to high quality black-and-white sequences temporally sub-
sampied at the ratic of 4:1, the reconstructed images of the spezxer retained
high resoiution and perceptually low distortion. Only in the A-B comparison
tests with the original sequence some lcss of lip motion was noticed. On
the other band. when compared to lnearly interpolated sequences, a better
definition and higher resolution were apparent in the new process. At higher
subsampling ratics. artifacts began to appear. Usually, the artifacts were due
1o siow updating of the displacement veciors. As a resuit, unrelated parts of
the image underwent the same moticn. -or example, in one instance, the
subject’s ¢ollar meved in the same directicn as his head, whereas in the
original, t2e direction was cdiferent. However, jerkiness in the moticn was<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>